Protein phosphorylation and dephosphorylation are important regulators of cellular and extracellular events. The purpose of this study was to define how these events regulate cartilage matrix calcification in a cell culture system that mimics endochondral ossification. The presence of casein kinase II (CK2), an enzyme known to phosphorylate matrix proteins, was confirmed by immunohistochemistry. The importance of phosphoprotein phosphorylation and dephosphorylation was examined by comparing effects of inhibiting CK2 or phosphoprotein phosphatases on mineral accretion relative to untreated mineralizing controls. Specific inhibitors were added to differentiating chick limb-bud mesenchymal cell micromass cultures during the development of a mineralized matrix at the times of cell differentiation, proliferation, formation of the mineralized matrix, or proliferation of the mineral crystals. The mineralizing media for these cultures contained 4 mM inorganic phosphate and no organic-phosphate esters; control cultures had 1 mM inorganic phosphate. Mineralization was monitored based on 45 Ca uptake and infrared characterization of the mineral; cell viability was assessed by three independent methods. Treatments that caused cell toxicity were excluded from the analysis. Inhibition of CK2 activity with apigenin or CK2 inhibitor II reduced the rate of mineral deposition, but did not block mineral accretion. Effects were greatest during the time of mineralized matrix formation. Inhibition of phosphoprotein phosphatase activities with okadaic acid, calyculin A, and microcystin-LR, at early time points also markedly inhibited mineral accretion. Inhibition after mineralization had commenced increased the mineral yield. Levamisole, an alkaline phosphatase inhibitor, had no effect on mineral accretion in this system, suggesting the involvement of other phosphatases. Adding additional inorganic phosphate to the inhibited cultures after mineralization had started, but not earlier, reversed the inhibition indicating that the phosphatases were, in part, providing a source of inorganic phosphate. To characterize the roles of specific phosphoproteins blocking studies were performed. Blocking with antiosteopontin antibody confirmed osteopontin's previously reported role as a mineralization inhibitor. Blocking antibodies to bone sialoprotein added from day 9 or on days 9 and 11 retarded mineralization, supporting its role as a mineralization nucleator. Antibodies to osteonectin slightly stimulated early mineralization, but had no effect after the time that initial mineral deposition occurs. Taken together, the results of this study demonstrate the importance of the phosphorylation state of extracellular matrix proteins in regulating mineralization in this culture system. © 2008 Elsevier Inc. All rights reserved.
Introduction
In cell-free mineralization studies the ability of extracellular matrix phosphoproteins such as osteopontin (OPN) [1, 2] , bone sialoprotein (BSP) [3, 4] , dentin matrix protein-1 (DMP1) [5] and phosphophoryn [6] to initiate hydroxyapatite (HA) mineral deposition and regulate the rate and extent of growth of the HA crystals is dependent on their state of phosphorylation. While the importance of the phosphate ion for appropriate mineral deposition is well recognized [7] , it is only in recent years that attention has been paid to whether or not the extracellular matrix proteins were phosphorylated, as well as to their extent of phosphorylation and the enzymes involved in these posttranslational modifications [1] [2] [3] [4] [5] [6] [7] [8] [9] . The importance of phosphorylation and dephosphorylation has been suggested by the abnormal patterns of mineralization in mutant animals with defective phosphoprotein degradative enzymes [10] [11] [12] , defective phosphate transport [13, 14] , or defective phosphorylation [15] . In cell culture, phosphorylation of osteopontin has been shown to be necessary for inhibition of vascular smooth muscle-mediated calcification [1] , while inhibition of the enzyme responsible for extracellular matrix phosphoprotein phosphorylation (casein kinase II, CK2 [16] ) by specific [17] and nonspecific [18] inhibitors retards in vitro dentin and cartilage calcification, respectively. It is not clear, however, whether the presence of additional phosphate in the microenvironment, or the specific phosphorylation of extracellular matrix proteins is the controlling factor. It 45 Ca uptake without affecting cell viability. a) Live-dead cell assay shows no effect of apigenin on cell viability at day 21 with 40 μM added continuously from d7 as contrasted with b) mineralizing cultures without apigenin at d21, magnification 15×. c) Kinetics of 45 Ca accretion: All data were normalized to the 45 Ca uptake of control mineralizing cultures at day 21. Data points shows mean ± SD (n = 4) of non-mineralizing and mineralizing controls (not treated with apigenin), and mineralizing cultures treated from day 9 with 40 μM apigenin. The curve represents best-fits to the data (r 2 N 0.97). The dotted line shows the slope of the maximum rate of 45 Ca accretion used to calculate rates, with the intercept indicating the induction time. d) The effect of apigenin depends on time and duration of addition. Apigenin added continuously from day 7 or day 9 to mineralizing cultures inhibits 45 Ca accretion, while continuous addition after day 11 stimulates 45 Ca uptake. Untreated mineralizing controls (4P) are contrasted with cultures given 40 μM apigenin continuously from day shown (e.g., d7c).
is our hypothesis that it is the phosphorylation of the anionic matrix proteins that is important, rather than the ability of enzymes such as alkaline phosphatase to release inorganic phosphate from these proteins. To test this hypothesis mineralization was monitored in a culture system that mimics endochondral ossification [19] [20] [21] [22] [23] [24] [25] [26] . The cultures were challenged with inhibitors of CK2 and of phosphoprotein phosphatases, and with blocking antibodies to selected phosphorylated proteins. Chick limb-bud mesenchymal cells plated in high-density micromass cultures differentiate to form a mineralizable matrix that resembles the growth plate in the chick [18] [19] [20] [21] [22] [23] [24] [25] [26] . Our earlier studies using 2,3-diphosphoglycerate and heparin, both non-specific inhibitors of CK2, showed inhibition of mineralization when protein phosphorylation was blocked [18] . However both these inhibitors have effects on other cell functions. How calcification is impacted by specific inhibition of phosphorylation of the matrix phosphoproteins has not yet been reported, nor has the effect of preventing phosphatase-mediated protein dephosphorylation at different stages of differentiation. Thus the purpose of the present study was to investigate the importance of extracellular matrix protein phosphorylation and dephosphorylation in a time dependent manner using the chick limb-bud mesenchymal cell micromass culture system.
Materials and methods

Materials
All chemicals were reagent grade from Sigma Chemical (Saint Louis, MO) unless otherwise stated. Cell culture dishes (Falcon) were from Becton Dickinson (Franklin Lakes, NJ). 45 Calcium was from Perkin/Elmer (Boston, MA). Trypsin-EDTA was from CELLGRO (Herndon, VA) and Nitex filters from Tetko Inc (Ardsley, NY). Dulbecco's modified essential medium (DMEM) was acquired both from GIBCO (Grand Island, NY) and from the Media Laboratory (Memorial Sloan-Kettering, NY). Phosphate buffered saline (PBS) was from Abbott Laboratories (N Chicago, IL) or GIBCO (Grand Island, NY). Fetal bovine serum (FBS) was from GIBCO and GEMINI (Woodland, CA), with the GIBCO used for the first 7 days of culture, and the GEMINI used after that. The CK2 antibody was from Santa Cruz Biotechnologies Inc (Santa Cruz, CA). The phosphatase inhibitors [27] that were used were okadaic acid (OA) and its inert form (okadaic acid tetraacetate), calyculin A, microcystin-LR, a bacteria derived phosphatase inhibitor that does not penetrate cell membranes [28] , sodium vanadate, and levamisole or its inert form tetramisole. The two casein kinase II inhibitors used were apigenin and casein kinase IIinhibitor II (Calbiochem, La Jolla, CA). Polyclonal antibodies to chick osteopontin, osteonectin, and bone sialoprotein were generously provided by Dr Louis Gerstenfeld (Boston University). The total protein assay kit and pre-cast 10% Tris-glycine gels were from BioRad (Hercules, CA); the protease inhibitor cocktail from Roche Applied Sciences (Indianapolis, IN), and the Diamond Q Phosphoprotein and Sypro Ruby gel staining kits were from Invitrogen (Carlsbad, CA). The Live-Cell assay kit was from (Molecular Probes, Invitrogen) and the mitochondrial tetronium salt (MTT) assay kit from ATCC (Manassas, VA). Phosphoprotein molecular size markers (peppermint stick) were from Invitrogen (Carlsbad, CA). Spectral grade Potassium Bromide (KBr) was from Fisher Chemical (Springfield, NJ) while barium fluoride windows were from Spectral Systems (Hopewell Junction, NY).
Methods
Cell culture
Chick limb-bud mesenchymal cells were isolated from stage 21-24 [29] fertilized White Leghorn eggs (Truslow Farms, Chestertown, MD) as described in detail elsewhere [20] . The eggs were maintained in a humidified incubator at 37°C for 4.5 days. The embryos were then sterilely withdrawn from the eggs and their limb-buds removed into cold 0.9% USP grade saline. Cells were released from the limb-buds by digestion with 5 ml 0.25 wt. % trypsin-0.53 mM EDTA, and then were separated from debris by passage through two layers of 20 μm Nitex membrane. Cells were counted with a hemocytometer and checked for viability by trypan blue dye exclusion, and then pelleted at 4°C for 5 min at 2300 rpm. Viability of the cells before plating in all cases exceeded 97%. Cells were resuspended in DMEM containing 0.3 mM Ca +2 and plated using the micromass technique [30] at a density of 0.75 million cells per 20 μl drop in 35 mm Falcon dishes. Cells were allowed to attach for 2 h in a humidified atmosphere of 5% CO 2 at 37°C. After 2 h, 2 ml "complete media" made from DMEM supplemented with 1 mM calcium chloride (final Ca concentration 1.3 mM), 50-U/ml penicillin and 25 μg/ml streptomycin, 10% FBS, and 0.3 mg/ml L-glutamine, equilibrated to 37°C, was added and changed three times per week. The first day of culture was designated day 0. From day 2 onward, and with every change of medium, 25 μg/ml sodium ascorbate was added to the cultures [20] . Mineralizing cultures were supplemented with 3 mM ammonium acid phosphate from day 2 onward, making the total inorganic phosphate (Pi) concentration 4 mM. Non-mineralizing cultures were maintained with 1 mM Pi. The concentrations of Ca and Pi in the media were verified by atomic absorption [31] and colorimetry [32] , respectively, prior to each experiment. All experimental points (time and concentration) were repeated in triplicate for each individual study, and these individual studies were repeated three to five times. Data is expressed as means of the n individual studies (where the number of independent experiments, n, was between three and five), and multiple points within each independent experiment were averaged.
Studies of effects of inhibiting kinase and phosphatase activities To define concentrations of inhibitors for analysis, a series of pilot experiments were performed in which a wide range of concentrations for each inhibitor starting with those reported in the literature [33] [34] [35] [36] [37] were added either continuously from day 5, 7, 9 or 11, or once (acutely) at day 5,7,9,11, or 14. Where treatments caused visible cell death and cultures lifted off the culture dish no further analysis was done. Detailed assessment of less obvious toxicity of treatments was performed based on the Live-Cell assay (in which viable cells stain green and necrotic cells are stained red), the mitochondrial tetronium salt (MTT) assay, and/or measurement of temporal changes in total DNA [18, 21, 38] in the presence and absence of the additive. Because phosphatase inhibition has been associated with apoptosis, chondrocyte apoptosis was checked in representative cultures using Flow cytommetry on a FACS Calibur with CellQuest™ software (BD Bioscience, Inc.). The numbers of apoptotic cells were calculated by counting the number of events showing high Annexin V fluorescence [26] . Any concentration or addition time that caused necrosis or apoptosis greater than that seen in mineralizing controls was not included in the detailed studies. Concentrations that caused maximal changes in 45 Ca uptake (see below) were selected for evaluation. After concentrations were selected, the inhibitors or the carriers they were dissolved in were added either once at day 7, 9, 11, 14, or 16 (for 2 h or 2 days), or continuously (with each change of media) from these time points until day 21-22. In some experiments, to insure that serum was not affecting the a Means for 3-5 independent experiments. If no SD is shown for yield n = 2. Data is only shown for continuous addition of CK2 inhibitors, but acute (a) and continuous addition (c) of phosphatase inhibitors is included. Since kinetic data (rate of initial calcium uptake (rate) and induction time (t o )) were calculated from plots including data from all experiments mean and SD cannot be shown. Infrared parameters (mineral/ matrix and crystallinity) were determined by FTIRI of selected cultures and represent mean (SD) for 3 experiments. Where no SD is shown n =2. b Apigenin concentration for all studies was 40 μM; CK2 inhibitor II (CK2-Inh II) was 16 μM. Ok = okadaic acid; Caly = calyculin A, Mic = Microcystin-LR; Lev = levamisole (100 μM); nd = not measurable. Fig. 3 . Typical FTIR images of mineral-to-matrix ratio (mineral/matrix) and crystallinity (1030/1020) at day 21 mineralizing cultures with and without 40 μM apigenin added from day 9. The spectrum at the top corresponds to the pixel indicated by the arrow. In the images, x and y axis scales are in pixels; each pixel is ∼ 7 μm× 7 μm. Color scales for each parameter are presented adjacent to the figure, and mean ± SD for all pixels in the image are shown in bold below the images. action of the inhibitors, the media was replaced with serum free medium for 2 h before the addition of the inhibitor, the inhibitor added for 2 h, and then the media removed, the culture washed with fresh complete media, and complete media added until the end of the experiment.
To discriminate the effects of the phosphoproteins in the matrix and inorganic phosphate in the medium two different types of experiments were performed. In the first, based on earlier experiments, phosphatase activity was inhibited with okadaic acid from day 7-12, and then on day 13, after removal of the inhibitor, an extra 2 mM Pi (making the total 6 mM) was added to half the untreated controls and half the phosphatase inhibited cultures and mineral accumulation was monitored in all cultures at days 16, 19, and 21. In the second experiments, the cells in "mineralizing" and control cultures were lysed by freeze-thawing at either day 7 (before mineralization had commenced) or at day 16 when abundant mineral was present. Mineralization parameters and protein profiles were assessed as detailed below.
Immunoblocking studies
Chick specific antibodies directed against BSP, OPN, or ON were individually added to the cultures with 1:3000 or 1:1000 dilution as previously described [22] . These concentrations were selected based on pilot experiments that determined saturated binding. A previous study had shown that addition of non-specific IgG at even higher titers did not affect 45 Ca accumulation. The antibody was either added acutely on day 9, 11, or 14, or continuously with each media change starting at each of these days. Mineralization was monitored as described below at days 16-22.
Mineralization assays
To monitor mineral accretion, 45 Ca (0.5 μCi/ml) was added to the culture dishes on day 7 and with every media change thereafter. At the indicated time points, cultures were briefly washed in PBS, and transferred to scintillation vials. The culture dish was rinsed with 100 μl 4N hydrochloric acid, the wash added to the scintillation vials, and the contents of the vial hydrolyzed in a final volume of 200 μl 4N HCl in a 60°C oven for 1 h. Aquasol® solution (5 ml) was then added to each cooled vial and vortexed until the liquid was free of any cloudiness. Counting was performed on a Beckman® scintillation counter. Accumulation of 45 Ca per micromass spot was calculated and data normalized to the accumulation in the mineralizing control culture at day 21 or 23. While historically we had corrected for 45 Ca uptake by the non-mineralizing controls [18] [19] [20] [21] [22] [23] [24] [25] [26] , in initial experiments it was noted that this correction caused a difference of less than 1%; hence data are presented without this correction. However it should be noted that a single set of experiments for each inhibitor or blocking agent was performed to validate the fact that the controls treated with the agent in question were not binding more calcium than the untreated controls. We have previously shown that 45 Ca uptake is highly correlated with total calcium content as determined by atomic absorption spectroscopy [20] . Rates of mineralization were calculated from the initial slopes of 45 Ca uptake as a function of time from day 9-16. The time of initiation of mineral deposition (t o ) was calculated by extrapolating that line to zero.
At selected time points, cultures were sampled for histochemical visualization of calcium phosphate mineral using the phosphate-specific von Kossa technique. Briefly, each culture was split in half so that cross sections as well as sections parallel to the plate could be obtained from each culture. The cultures were washed with pH 8.0 water to remove excess phosphate, and then stained with 5% silver nitrate, with 2.5% acid fuschin as the counter-stain. Additional cultures were fixed in glycerol and stained with Alizarin Red to identify the presence of calcium. To facilitate visualization, representative von Kossa-stained cultures not counter-stained, and instead were examined by back-scatter electron imaging using a FEI (Hillsboro, OR) Quanta 600, Environmental Scanning Electron Microscope. Because these and other staining techniques can neither distinguish calcium or phosphate not associated with mineral from mineral, nor identify the nature of the material reacting with the stain [39] , X-ray diffraction and FTIR analyses were used to identify the presence of HA, the relative amount of HA present, and the average crystallinity of the HA in the culture [25] .
Two distinct methodologies were used for FTIR analyses of mineral content and composition. For bulk analyses, unstained mineralizing cultures were recovered from the dish, washed with ammoniated water, air dried, and homogenized in a mortar and pestle by mixing with spectral grade KBr, and made into pellets. The KBr pellets were examined using a Thermo-Nicolet Spectrometer 4700 under nitrogen purge. The background-corrected spectra were base-lined (BioRad's Win-IR Pro 3.1), and areas under the phosphate ν 1 , ν 3 peak (∼900-1200 cm − 1 ) and amide I peak (∼ 1585-1720 cm
) calculated using Win-IR Pro. Mineral/matrix ratio was calculated as the ratio of the above two integrated areas. For cultures containing mineral, crystallinity was estimated from the peak height intensity of the 1030 and 1020 cm − 1 subbands. For representative studies mineral accumulation was documented by FTIR imaging spectroscopy (FTIRI) as described previously for this culture system [25] was used to display the distribution of the mineral-to-matrix ratio and the distribution of crystallinity within the culture. For FTIRI, the washed cultures were lifted from the dish with a cell scraper and transferred to a barium fluoride window. The windows were desiccated over night, and then the cultures were flattened by sandwiching them between a second window. Because the micromass cultures were thicker in the center, and the absorbance in the culture centers were extremely high, only areas along the edges, and adjacent to the edges of the culture were examined using a Perkin Elmer Spotlight Imaging system (Perkin Elmer Instruments, Shelton, CT) at 4 cm − 1 spectral resolution. The spatial resolution was ∼7 μm. Parameters as described above were calculated for the images using ISYS software (Spectral Dimensions, Olney, MD).
Protein identification
To identify proteins made in the culture system, cultures at different time points were washed three times with ice cold PBS and cell pellets from ∼20 dishes for each condition were combined and extracted in (4 M or 2 M) guanidinium hydrochloride with protease inhibitors as described elsewhere [40] . In brief, guanidine HCL was made in 10 mM Tris buffer containing 5 mM EDTA, a protease inhibitor cocktail, phenyl methylsulfonyl fluoride, and dithiol threitol; cultures were extracted three times at 4°C with stirring (∼24 h/ extraction). Extracts were recovered by centrifugation and dialyzed against PBS for 48 h. In the first set of experiments, the dialyzed 4 M extracts were immunoprecipitated with chick specific antibodies to osteopontin, osteonectin, or bone sialoprotein. Precipitates were resuspended in 0.05 M Tris buffer containing 2% SDS and subjected to Western blot analyses [40] . To identify variations in protein phosphorylation, while minimizing cellular protein constituents, 2 M extracts were used as those extracts are enriched in extracellular matrix proteins (AM Malfait, personal communication). For these studies, only the control, apigenenin, and Microcystin-LR studies were tested in non-mineralizing conditions at day 15. The protein concentrations of the dialysates were determined using the Bio-Rad Total Protein Assay kit. The samples were then cleaned using chloroform precipitation as described in the Diamond Q Phosphoprotein staining instructions. SDS-PAGE was then performed using pre-cast 10% Tris-glycine gels with 15 μg of protein per lane from each sample as determined from the total protein assay. The gels were then fixed and stained according to Diamond Q protocol and imaged on a BioRad Molecular Imager FX at excitation and emission of 532 nm and 555 nm respectively. The gels were restained with Sypro Ruby protein gel stain and imaged on a standard gel box to detect total proteins.
Results
Characterization of cultures
As previously reported [18] [19] [20] [21] [22] [23] [24] [25] [26] , the mesenchymal cells differentiated in culture and formed alcian blue positive chondrocyte nodules. At day 14 (Fig. 1a) , the cultures began to show trace amounts of von Kossa positive staining. By day 16 (Fig. 1b) and day 21 (Figs. 1c, d ) the nodules were surrounded by increasing amounts of von Kossa staining indicative of the presence of phosphate, and Alizarin red staining (Fig. 1e) indicative of the presence of calcium, showing the progressive mineralization of the cultures. Casein kinase II was detected by immunohistochemistry as early as day 9 in the periphery of the cultures (not shown). This staining decreased as the mineral accumulated, but persisted in the center of the cultures around mature chondrocytes even at day 21 (Fig. 1f) .
Casein kinase II (CK2) inhibition
We first asked what would happen to mineralization if phosphorylation of matrix proteins was inhibited. Pilot studies were used to determine the concentration and times of addition at which apigenin (4′,5,7-trihydroxyflavone), a selective CK2 inhibitor, blocked 45 Ca uptake without causing cell necrosis or apoptosis. Based on these pilot studies, apigenin was then added to cultures at a final concentration of 40 μM. At this concentration there was no detectable effect on cell viability; in fact the treated cultures showed less cell death than the untreated cultures (Figs. 2a, b) . Inhibition of CK2 from day 7 or 9 significantly delayed the start of mineralization, the rate of 45 Ca uptake and the yield of mineral at 21 days (Fig. 2c, Table 1 ). The extent of mineralization was stimulated when continuous addition began at day 11, 14, or 16 (Fig. 2d) . Lesser effects were noted with single additions, but the trends were similar (data not shown). μM Levamisole from day indicated has no effect on 45 Ca uptake. Values are mean ± SD, n = 4. All data was normalized to the 45 Ca uptake of control mineralizing cultures at day 21.
The mineral formed in all the cultures was a poorly crystalline hydroxyapatite, as demonstrated by FTIR spectroscopy and FTIR imaging spectroscopy (Fig. 3) .The presence of mineral and the relative yield of mineral (based on mineral/matrix ratio) of the entire culture was confirmed by the FTIR analyses on day 21. The distribution of mineral (mineral/matrix ratio) and crystallinity in cultures in which CK2 was inhibited from day 9 shows reduced mineral formation and more uniform crystallinity as compared to the cultures without apigenin (Fig. 3 , Table 1 ).
The specific CK2 inhibitor, casein kinase II-inhibitor II, evaluated in pilot studies at concentrations from 0.16-64 μM, was used at 16 μM where it also blocked initial mineralization without effects on cell viability, and stimulated it when added at later time points (Fig. 4,  Table 1 ). The yield of mineral at day 21, and the mineral crystallinity was decreased relative to control for continuous addition from day 7 or day 9 ( Table 1 ). The observed effect was not due to a reaction between the inhibitor and an agent in the serum, as the culture's matrices all looked similar and had similar 45 Ca uptakes when the inhibitor was added to serum free media for brief time periods (data not shown).
Phosphatase inhibitor studies
We next examined how mineralization would be affected by preventing breakdown of phosphorylated proteins by phosphatases. Only one of the agents (sodium vanadate) caused cell toxicity at all concentrations tested, independent of the time of addition ( Table 2 ).
The data in Table 2 , which shows % cell death relative to control cultures at day 16, includes toxicity studies with the casein kinase inhibitors as well as the phosphatase inhibitors.
Okadaic acid, which blocks serine phosphatases [34, 35] was toxic when added at day 5. When added from day 7, mineral accretion was significantly blocked in a dose dependent manner (Fig. 5a) . The inert tetra-acetate form of okadaic acid had similar 45 Ca uptake as the untreated cultures. The okadaic acid inhibition was less pronounced when the inhibitor was added from day 9 and non-detectable when it was added from day 11. In fact, addition from day 11 stimulated mineral accretion. The initial rates of mineral accretion in the presence of okadaic acid increased in these cultures once mineralization commenced; however the time for mineralization to start was markedly delayed with additions of okadaic acid (Table 1) . Calyculin A which also blocks serine or threonine phosphatases [34] when added at day 7 was inhibitory, but when added after day 11 or day14 it stimulated mineral accretion ( Fig. 5b and Table 1 ). Where mineral accretion was retarded, crystals were smaller (Table 1 ) than those observed in control mineralizing cultures.
Microcystin-LR, which is reported to not cross the cell membrane [28] , did not cause any cell toxicity if left in the cultures for one day or less. Cultures treated with 1 or 10 nM at days 7, 9, or 11 did not show a dose dependent difference, thus the results in Fig. 5c are shown only for 10 nM. When Microcystin-LR, which is reported to act like okadaic acid [41, 42] , was added on day 7, although there was a slight decrease in the rate of mineral accretion, the yield at day 21 was not altered. When added on day 9 the yield was decreased, while the rate of Ca uptake in mineralizing cultures with phosphatase activity inhibited by addition of 1.6 nM okadaic acid from day 9-11 in the presence and absence of additional 2 mM inorganic phosphate (6P) from day 12. All data was normalized to the 45 Ca uptake of control mineralizing cultures at day 21. Values are mean ± SD, n = 3.
mineral accretion was comparable to that in the controls. Similarly, when added on day 11, the yield was also decreased, but the rate of mineral accretion was not affected (Table 1) . Levamisole, a specific inhibitor of alkaline phosphatase, had no effect on mineral accretion in this study in which inorganic phosphate was provided directly, and yields were equivalent to those in cultures with tetramisole (Fig. 5d, Table 1 ). The 45 Ca uptake in the tetramisole treated cultures and the levamisole treated cultures differed from the control mineralizing cultures by less than 1% (not shown).
To determine the relative importance of the phosphorylated matrix and the inorganic phosphate released from the matrix, the effects of cell lysis before and after matrix protein proliferation and initial mineralization were compared. When cells were lysed by freeze-thawing before the mineralization had commenced (on day 7) there was a significant delay in the initiation of mineral accretion and the yield of mineral was markedly reduced. In contrast, when cells were disrupted at day 16 there was very little change in the extent of 45 Ca uptake, although the rate of mineral accretion was increased (Fig. 6a) .
To test the hypothesis that the observed effects of phosphatase inhibition were due to a decrease of phosphate release from phosphoproteins, an additional 2 mM inorganic phosphate was added to control and inhibited cultures on day 12. Data in Fig. 6b shows the effects on cultures with 1.6 nM okadaic acid added from day 9-11, with the additional phosphate added to the mineralizing control and mineralizing okadaic acid treated cultures on day 11. Increasing the local phosphate concentration increased the mineral yield in the cultures without okadaic acid. The inhibited cultures had a decreased mineral accumulation at day 14, but the yield was equivalent to controls by day 16 . With addition of an extra 2 mM Pi, the okadaic acid inhibited cultures showed a significantly greater yield of mineral by day 14, but the yield did not differ significantly from the okadaic acid-free cultures with the same 6 mM inorganic phosphate.
Protein identification
Western analyses showed that osteopontin was present in the cultures from day 11 on (Fig. 7a) . Because the antibody could not distinguish phosphorylated and dephosphorylated proteins one cannot state that this was the phosphorylated protein being affected by the antibody, although the blot was positive to a P-tyrosine antibody (Fig. 7a) . This was not the only protein that could have been affected by the inhibitors as both Osteonectin and BSP were detected in the immunoprecipitation studies although their staining with the P-tyrosine antibody was lower (data not shown). Phosphorylated protein distribution was reduced in cultures treated with apigenin and enhanced or equal to control in cultures in which phosphatases were inhibited with microcystin while total protein distributions were comparable (Fig. 7b) . Data is shown for the first of three 2 M guanidinium-HCl extracts from day 14 cultures, as the majority of the protein was present in the first extracts. Similar findings (majority of phosphorylated bands in control and microcystin treated cultures, and non detectable bands for apigenin treated cultures) were seen in the second and third extractions (data not shown). The osteopontin band (∼ 61 kD) showed the decreased phosphorylation; other bands showing similar variation were not identified due to a lack of availability of anti-chick matrix protein antibodies.
Antibody blocking
Blocking phosphoprotein epitopes with polyclonal antibodies had distinctive effects on mineral accretion (Fig. 8) . Results at 1:1000 and 1:3000 dilutions were comparable thus data is shown in Fig. 8 for the 1:3000 dilutions. Anti-osteopontin resulted in increased mineral accumulation when added on days 9,11, and 14 ( Fig. 8a) , anti bone sialoprotein resulted in decreased 45 Ca uptake (Fig. 8b) , and anti-osteonectin had no significant effect (Fig. 8c) at these time points.
Discussion
This study has demonstrated that both extracellular matrix phosphorylation and dephosphorylation can influence the rate and extent of mineralization in chondrocyte cultures derived from differentiating chick limb-bud mesenchymal cells. We hypothesized that specific proteins were phosphorylated and dephosphorylated during the stages of initiation and proliferation of mineral crystals based on solution free studies of the effects of these proteins [2] [3] [4] [5] [6] and on our unpublished micro-array results showing upregulation of kinases during early stages of mineralization and down-regulation of phosphatases at the same time. We also hypothesized that the functions of the phosphatases was not simply to elevate the local inorganic phosphate concentration.
The phosphorylated proteins synthesized by mature chick chondrocytes and present in the mineralizing chick cartilage matrix include osteopontin, bone sialoprotein, and osteonectin [43, 44] . It is likely that other matrix proteins (e.g., DMP1, DSP, etc) present in the murine growth plate [45] are also present in the chick, as suggested in our unpublished micro-array data. In general, these proteins are phosphorylated by specific kinases [16] prior to the initiation of mineralization and CK2 has been identified as the enzyme responsible for phosphorylation of mineralized tissue proteins in other systems [16, 46, 47] ; we verified the presence of this enzyme in the chondrocytes nodules formed in the micromass cell cultures used in this study.
The analysis of the changes in phosphorylation of the proteins, a majority of which should have been extracellular based on the use of 2 M guanidine hydrochloride, demonstrated that the inhibitors tested altered the phosphorylation profile. Especially cultures treated with apigenin showed a reduced phosphorylation of several distinct protein bands. Because of the objective of this study we have not identified the proteins or phosphorylation sites affected by a specific inhibitor. However, a comparison between the sizes of chick OPN (∼60 kD), BSP (∼70 kD), and ON (∼30 kD) and the reported murine dentin matrix protein 1 (85-90 kD [48] ) with the protein bands affected by phosphorylation inhibitors prompts us to speculate that phosphorylation of these proteins may have been reduced. This suggests that the inhibitors were functioning as predicted, and also that extracting with 2 M guanidine hydrochloride enriched the extracts with these Fig. 8 . Effects of blocking antibodies on 45 Ca accumulation. Antibodies (AB) used were directed against; a) osteopontin, b) bone sialoprotein, and c) osteonectin and added on the days
shown. Values are mean ± SD, n = 4. All data was normalized to the 45 Ca uptake of control mineralizing cultures at day 21.
phosphorylated proteins. Each of these proteins can be nucleators of and/or inhibitors of hydroxyapatite formation and crystal growth, depending on their concentrations, posttranslational modifications, and interactions with other molecules [9] . In the differentiating chick limb-bud mesenchymal cell system, inhibition of casein kinase II activity prior to the start of mineralization inhibited the initiation of mineralization, the rate of mineral accretion, and the yield of mineral at 21 days. The mineral crystals were smaller, on average, than those formed in cultures without kinase inhibitors. Together these data suggest that phosphorylation of one or more proteins in the extracellular matrix is important for induction of mineralization. Candidate proteins are BSP (confirmed in this system as a nucleator by antibody blocking) and DMP1 for which chick crossreactive antibodies are not yet available. While highly phosphorylated OPN can act as a nucleator [5] , the antibody blocking studies confirmed it was acting as an inhibitor in the mineralizing chick micromass system, in agreement with previous reports [4, 49, 50] , as when OPN was blocked the extent of mineralization increased. It is interesting to note that in the same differentiating chick limb-bud mesenchymal cell micromass culture system, Barak-Shalom et al. [43] reported that phosphorylated OPN is released into the media when micromass cultures are treated with ascorbic acid, and that OPN gene expression and OPN phosphorylation are regulated by different mechanisms. They did not investigate mineralization in their studies.
After initiation of mineralization, inhibition of CK2 activity had little effect on the yield of mineral, although the rates of mineral proliferation tended to be higher. This could be explained if the proteins have a lesser effect once the initial mineral crystals are nucleated. The proteins may play additional roles binding to crystal surfaces and modulating the shapes of the crystals, as suggested by the different crystal sizes detected by FTIR analyses.
In the initial time periods before mineralization commenced, inhibiting phosphatases also retarded mineral accretion, either because of the early expression of OPN [43] , an effective inhibitor of mineralization, or because there was an unidentified effect on the cells that did not result in cell death. It is also possible that inhibition of mineral accretion could be attributed to a lower inorganic phosphate concentration in the media as demonstrated when additional exogenous phosphate rescued the mineralization deficit in the cultures with phosphatase inhibitors. The smaller size of the mineral crystals formed in these cultures may also reflect the lower inorganic phosphate concentrations. After mineralization commenced, inhibiting phosphatases had the opposite effect, accelerating mineralization suggesting that it is the stabilization of phosphoproteins rather than the release of inorganic phosphate that is most important at this time. Inhibition of alkaline phosphatase activity had no effect on mineral accretion, suggesting that other phosphatases such as those discussed above may be of more relevance in this system.
It is useful to comment on why addition of agents that block CK2 or phosphatases had to commence on or after day 7. Phosphatases that affect chondrogenesis [51] [52] [53] and mineralization [54] in similar cultures also have been reported, and it is likely that at the early stages of differentiation the effects are on intracellular events as most of the phosphatases signal across the membrane. There may also be effects of blocking CK2 on such events. Before chondrocyte nodules are formed, inhibitors that block phosphorylation affect cell viability, mitosis, chondrocyte condensation, and the cytoskeleton [33] [34] [35] [36] [37] . Thus phosphorylation and dephosphorylation play major roles in regulating the differentiation and proliferation of mesenchymal cells in culture, hence the studies reported here focused on times after the cells had differentiated and the matrix was formed.
The studies reported here also verified the findings that BSP is a nucleator of hydroxyapatite formation, since blocking antibodies decreased initial mineral accretion while having lesser effects on mineral accumulation, similar to what is seen in vitro [55, 56] . Perhaps BSP must be phosphorylated by CK2 during the early stages of mineralization, and OPN must be dephosphorylated to facilitate further mineral proliferation. Studies where either OPN or BSP is knocked down in this culture system will be required to confirm that hypothesis.
Osteonectin blocking had very little effect, and as previously suggested may be more important for regulating matrix formation than mineralization [57] . It is important to note that the decreases observed in the blocking experiments were less than that observed when inhibiting phosphorylation of these proteins with the CK2 inhibitors or dephosphorylation with phosphoprotein phosphatases. This implies that other phosphoproteins, e.g., matrix extracellular phosphoprotein (MEPE), DMP1, and bone acidic glycoprotein (BAG-75), all expressed by chondrocytes [58] [59] [60] [61] may be involved in cartilage calcification. These will either have to be examined in future studies when antibodies that cross react with chick are available or in cultures from a different species for which such antibodies are available.
While these studies have not pin-pointed which specific phosphoproteins are regulating cartilage calcification they do indicate that modulating the extent of phosphorylation of the phosphoproteins present has significant effects on the nature and amount of the mineral that is formed in this system. There have been no other studies in which the effects of phosphorylation or dephosphorylation of matrix proteins in chondrocyte cultures have been examined by characterization of the rate of mineral formation or the nature of the mineral formed. In fact, the only studies in which phosphorylation was considered were those related to signaling mechanisms [51, 62, 63] , although a recent report by Murshed et al. stresses the importance of regulating phosphate concentrations in mineralizing systems [64] . In the future we hope to use siRNA techniques (developed for long-term silencing) in chick systems to further evaluate which proteins and enzymes are crucial.
